Ιntroduction
Luminescence spectroscopy involving the intraconfigurational f <-> f transitions of lanthanide ions has been widely used as a structural probe in biomolecular systems [1, 2] , and in studies concerned with the structure and speciation of lanthanide complexes in solution, and in the solid state [3] . In recent years the use of linearly or circularly polarized light in the absorption or excitation beam in spectroscopic studies involving lanthanide ions, and the analysis of emitted light polarization has also provided useful information concerning molecular structure, and excited state dynamics and energetics [4] [5] [6] [7] .
For purpose of discussion it is useful to separate spectroscopic experiments involving light polarization into three categories. In the first type of experiment the polarization of an incident excitation beam is modulated between either x or j linear polarization (assuming that the direction of propagation of the beam defmes the laboratory z axis), or between left or right circular polarization, and the intensity of the transmitted, or emitted beam is monitored. In the second type of experiment, the state of linear or circular polarization of the transmitted, or emitted beam is analyzed, and in the third type of experiment the incident beam polarization is controlled (or modulated) and the polarization of the exiting beam is simultaneously analyzed for its state of polarization.
(55)
The effect of linear polarization in an excitation or absorption beam is to "photoselect" molecules based upon the orientation of the absorption dipole moment with the direction of linear polarization [8] . The linear polarization of an emitted beam reflects the orientational distribution of excited states. This is in contrast to studies involving circular polarization in which differences in absorption, or emission are due to intrinsic "chiral" molecular structure. Chiral or "optically active" molecules are those possessing a symmetry in which the mirror image isomers are non-superimposable. Almost all biologically important molecules are, in fact, chiral, therefore circular dichroism (CD) and circularly polarized luminescence (CPL) experiments have found widespread application in biochemistry. It should be mentioned that it is sometimes necessary to consider both the effects of linear and circular polarization as discussed below.
In this paper we will be concerned only with the use of polarization spectroscopic methods in studies of lanthanide ions in solutions, and as a result we will not discuss linear dichroism (LD) experiments, since for the reasons given above, this technique is only suitable for studying oriented samples. We will also not consider magnetic-field induced polarization spectroscopy, although this is a useful technique for studying lanthanide ions in absorption and emission [9, 10] .
Incident bean polarization modulation
Since the extinction coefficients of most lanthanide (III) transitions are very small (usually < 1), it is not surprising that CD techniques have not found extensive use as a probe of ground state chiral structure. In CD one usually reports the ratio of the differential absorbance ΔΑ to the total absorbance Α. This defines the socalled absorption dissymmetry factor, gabs(λ) which is related to the extinction coefficients for left (L) and right (R) circularly polarized light as follows:
As opposed to most organic chromophores, f F+ f transitions which obey magnetic dipole selection rules, i.e. ΔJ = 0, ±1 may have large dissymmetry factors [ΙΙ] . However, measurement of differences in absorptivities (ΔΑ) of less than 10 -4 is quite difficult. Because the concentration of most biomolecular samples is usually less than 10 -3 M, and higher concentrations of lanthanide complexes often lead to oligomers or precipitation, one is practically limited to fairly dilute solutions in long patl length cells. There have been few reported measurements of this type, however, to date no specific structural information has been derived from these difficult measurements [12] .
Polarization analysis of luminescence
The analysis of the linear polarization of luminescence from molecules in solution obtained at 90° from the excitation direction is routinely used to determine the degree of reorientation which has taken place between the absorption and emission. This information can then be used in concert with simple models to estimate molecular size [13] . These experiments are only possible if the lifetime of the excited state is such that the photoselected distribution prepared by the Use of Polarization Spectroscopy ... 57 initial excitation beam haS not been completely randomized by the time of emission. In the case of the luminescent lanthanide complexes of Tb(III)) and Eu(III), the lifetimes are so long (usually ms) that essentially complete randomization of the photoselected distribution occurs and, as a result, no linear polarization is observed under ordinary solution conditions. Although this property of lanthanide complexes does limit the usefulness of linear polarization measurements, the fact that there is no linear polarization is an important factor in the measurement of circular polarization due to imperfections in the optical devices used for these measurements [14] .
Linearly polarized measurements may be useful as a probe of the symmetry of the f f transitions for very viscous samples, e.g. glasses, in which the molecules can be assumed to be "frozen". Meskers et al. have shown, for example, how the measurement of the linear polarization (or depolarization) of crystal field transitions of the D3 complex Εu(2,6-pyridine-dicarboxylate = DΡΑ) 33-may be used to assign the individual crystal field components [15] . This type of study is possible because of the low degeneracy of the Εu(IlI) states involved in the absorption and luminescence transitions, and the fact that in some cases the individual crystal field transitions can be resolved.
The measurement of the usually small net circular polarization in the luminescence (CPL) from chiral lanthanide complexes, and lanthanide ions as substitutional replacements of Ca(II) and Fe(III) in metal binding proteins has proven to be a useful probe of chiral molecular and biomolecular structure [6, 16] . In CPL spectroscopy one measures the luminescence dissymmetry factor, glum, which is related to the intensity of left and right circularly polarized emitted light as follows [5] :
As mentioned above, f f transitions that obey magnetic dipole selection rules often have very large intrinsic glum values [11] . In Fig. 1 we show an approximate energy level diagram for the two most luminescent lanthanide ions, Εu(III) and Tb(III). The most intense emissive transition of Tb(III), 5D4 → 7F5, satisfies the above selection rules, and it is by far the most widely studied transition in CPL involving lanthanide ions. In the case of Eu(III), the transition from 5D0 -> 7F1 , although much weaker than the hypersensitive 5D0 → 7F2 transition is expected to have the larger glum value.
Unlike many transition metal systems, no chiral complexes of lanthanide (III) ions containing achiral ligands have been isolated in enantiomeric forms due to the fact that the complexes are labile. It is possible in some cases to perturb the racemic ground state equilibrium through the addition of non-coordinating chiral e n v i r o n m e n t c o m p o u n d s [ 1 7 , 1 δ ] . A n e x a m p l e o f s u c h a n e x p e r i m e n t i s p r e s e n t e d i n F i g . 2 . In this figure we plot the total luminescence and circularly polarized luminescence from an aqueous solution of the D3 complex Tb(2,6-pyridinedicarboxylate)3-in which 1.0 M of the sugar fructose has been added. The confirmation that this is simply a perturbation of the racemic equilibria, and not the formation of some new complex is provided by a comparison with a photoenriched sample as described below. It should be noted that these types of effects have been shown to depend linearly on the concentration of the chiral adduct, although to date no structural correlation between the chiral structure of the adduct and the direction of the equilibrium perturbation has yet been found [18] .
It has also been demonstrated recently that non-racemic excited states can be generated from racemic ground states through enantioselective excited state quenching [19] [20] [21] [22] [23] . These experiments rely on the differential diastereomeric interaction between chiral acceptors and the racemic donor lanthanide complexes. The donors which have been used, have all been kinetically stable transition metal complexes. Tle quenching results have been analyzed in terms of kinetic models involving encounter pair complex formation, and the various thermodynamic activation parameters. CPL from complexes of Tb(III) and Eu(III) with chiral ligands often yield very large gl um values, however, the usefulness of these measurements as specific structural probes awaits more progress in the development of reliable spectra-structure correlations [5] .
The use of CPL from lanthanide ions in the study of chiral biological systems holds great promise as a selective site specific probe of chiral structure and structural changes [6] . As an example, in Fig. 3 we show the total emission and circularly polarized emission for a sample of transferrin in which Tb(IΙΙ) has been bound to a site normally occupied by Fe(III) [24] . The spectral region shown corresponds to the 5D4 → 7F5 transition of Tb(III). As can be seen in this figure, the differential signals which can be obtained from lanthanides bound to these chiral systems can be quite large. In Fig. 4 
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the peakS in the Spectrum aS a function of the concentration of added perchlorate ion. The total emission intensity decreases as the concentration of perchlorate ion increases, however, the effect of this ion on the chirality of the bound Tb(III)) is such that initially the chirality increases, and then decreases. The effect of added anions on the structure of proteins such as transferrin is an area of general interest.
Polarized excitation and polarized emission
As mentioned above, the analysis of linear polarization in the luminescence spectrum of lanthanide complexes in isotropic rigid samples may be a useful technique to probe the symmetry of selected crystal field transitions. Since these experiments are always performed at right angles to the direction of excitation, the orientational distribution of rigid emitting species will not be isotropic even if the ground state is isotropic. It is more comnon however to use linearly polarized excitation, and then to report the polarization (or depolarization) of the emitting beam in terms of polarization directions parallel or perpendicular to the excitation polarization. This is, in fact, how the experiments described in Ref. [15] were performed. The use of linearly polarized excitation instead of unpolarized excitation has an additional advantage in that resultant polarization factors are larger.
The use of circularly polarized excitation in CPL studies of lanthanide complexes has found applications in a number of studies [25] [26] [27] [28] [29] . This is, in fact, another way of preparing non-racemic excited states from racemic ground states. The only requirement here is that the rate of racemization must be slower than the emission lifetime. Hilmes and Riehl [30] have shown that the measured glum value may be related to the intrinsic glum and gabs value of the pure enantiomers as follows:
λ' in this equation denotes the excitation wavelength, and the superscript R denotes one of the two possible enantiomers. Since for most systems the experimental limit on the measurement of gl u n, is approximately 10 -4 , it follows that the enantiomeric glum or gabs values need to be quite large. This requirement limits the application of this experimental technique to transitions with relatively large dissymmetry values. As mentioned above, selected lanthanide transitions may possess very large dissymmetry values, and, as a result, this technique is particularly well suited for studying racemic lanthanide complexes.
In Fig. 5 we show CPL and total emission spectra for an aqueous solution of E u ( D P Α ) 3
-
f o l l o w i n g c i r c u l a r l y p o l a r i z e d e x c i t a t i o n a t 5 5 7 . 1 n m f r o m a C W d y e laser. This excitation wavelength corresponds to the transition from the thermally excited 7F2 a probe of whether or not a complex is chiral, or as a probe of the rate of racemization of a complex known to be chiral.
